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Abstract
Rapid and accurate identification of mastitis pathogens is important for disease
control. Bacterial culture and isolate identification is considered the gold-standard in
mastitis diagnosis but is time-consuming and results in many culture-negative
samples. Identification of mastitis pathogens by PCR has been proposed as a fast and
sensitive alternative to bacterial culture. The results of bacterial culture and PCR for
the identification of the aetiological agent of clinical mastitis were compared. The
pathogen identified by traditional culture methods was also detected by PCR in 98%
of cases indicating good agreement between the positive results of bacterial culture
and PCR. A mastitis pathogen could not be recovered from approximately 30% of
samples by bacterial culture, however, an aetiological agent was identified by PCR in
79% of these samples. Therefore a mastitis pathogen was detected in significantly
more milk samples by PCR than by bacterial culture (92% and 70% respectively)
although the clinical relevance of PCR positive culture negative results remains
controversial. A mixed infection of 2 or more mastitis pathogens was also detected
more commonly by PCR. Culture negative samples due to undetected S. aureus
infections were rare. The use of PCR technology may assist in rapid mastitis
diagnosis however accurate interpretation of PCR results in the absence of bacterial
culture remains problematic.
Introduction
Mastitis is an endemic disease of dairy cows and is estimated to be one of the
most costly diseases to the dairy industry in Ireland and internationally (Barkema and
others 2009; More and others 2010). Mastitis is commonly caused by an
intramammary infection (IMI) and can be clinical, where the animal displays overt
symptoms of disease, or more commonly sub-clinical where the animal displays no
outwards signs of disease but has an elevated somatic cell count (SCC) (Akerstedt and
others 2007). Mastitis is generally caused by a single bacterial pathogen and in order
to tailor mastitis control and treatment protocols, reliable identification of the
infectious agent is important. Almost 150 different bacterial species have been
implicated in bovine mastitis (Radostits 2007) although the majority of cases in
Ireland and internationally are caused by a smaller number of bacterial species,
including Staphylococcus aureus, Streptococcus uberis, Escherichia coli,
Streptococcus dysgalactiae, Streptococcus agalactiae and coagulase negative
Staphylococci (CNS) (Barrett and others 2005; Bradley and others 2007; DAFM
2006-2009, 2010; Makovec and Ruegg 2003). Isolation of a bacterial pathogen from
the milk of an infected cow is considered the gold-standard in mastitis diagnosis
(NMC 1999, 2004).
While bacterial culture (BC) remains the definitive diagnosis of intramammary
infection, it has a number of disadvantages. Culturing of mastitis-causing
microorganisms is relatively slow, taking a minimum of 24-48 hours before a
pathogen can be reliably identified. The absence of rapid results may result in the use
of broad-spectrum antibiotic therapy in many cases, where a narrow-spectrum
antibiotic therapy or no antibiotic at all may in fact be more appropriate.
Additionally, a sizeable number of mastitic milk samples fail to yield any culturable
organisms. For published clinical and sub-clinical mastitis studies the proportion of
milk samples yielding no bacterial growth varies between 27% and 50% (Barrett and
others 2005; Bradley and others 2007; Hogan and others 1989; Keane and others
2013; Makovec and Ruegg 2003; Olde Riekerink and others 2008). Bacterial culture
is primarily used in Ireland to identify the on-farm pathogen challenges rather than for
individual animal treatment selection and so pathogen negative samples can be
frustrating for the clinician and farmer as they do not indicate a causative organism,
and thus the most suitable type of prevention or control measures.
Molecular methods of mastitis pathogen identification have been proposed as
an alternative to bacteriological culturing (Gillespie and Oliver 2005). Such methods,
based on the detection of bacterial DNA in milk by Polymerase Chain Reaction
(PCR), allow rapid (<6 hours) and accurate identification of mastitis pathogens
including pathogens that do not grow using conventional culturing techniques
(Koskinen and others 2009). Additionally, PCR technology has the potential to detect
bacterial DNA in milk from which a viable pathogen cannot be cultured, although the
clinical relevance of this remains controversial. Molecular methods target specific
pathogens and so must be appropriate for the local major mastitis pathogens.
Molecular methods must also be robust and work routinely with clinical samples,
many of which contain PCR inhibitors (Chakravorty and Tyagi 2001).
A commercial real-time PCR test for the identification of mastitis pathogens in
milk is now available (Pathoproof™ Mastitis PCR Assay, Finnzymes). This test
targets the most common mastitis pathogens and was shown to have 100% specificity
and sensitivity when detecting bovine mastitis pathogens from pure culture (Koskinen
and others 2009). This PCR test has previously been used to determine the prevalence
of the common mastitis pathogens, identify cows requiring dry cow treatment and
diagnose intramammary infection in BC negative samples (Bexiga and others 2011;
Cederlof and others 2012; Katholm and others 2012; Taponen and others 2009). The
objective of this study was i) to evaluate the PathoProof test for use in Ireland with
clinical mastitic milk samples including those from which no pathogen could be
cultured and ii) to evaluate whether the pathogen profile differed between bacterial
culture positive/PCR positive samples and bacterial culture negative/PCR positive
samples.
Materials and Methods
Sample collection
As part of a study looking at the aetiology of clinical mastitis in Irish milk-recording
dairy herds, a total of 630 quarter milk samples were taken aseptically from affected
quarters before antibiotic treatment over a one year period from cows displaying
symptoms of clinical mastitis (clots, flecks or blood in the milk or heat or swelling in
the udder) from 30 farms as described previously (Keane and others 2013). Samples
were frozen and submitted monthly for bacterial culture.
Bacteriological analysis
In order to identify the pathogen causing mastitis, standard microbiological methods
recommended by the National Mastitis Council were used (NMC 1999). Briefly, 10
µl of thawed milk were plated directly on aesculin blood agar. The plates were
incubated at 37 °C in aerobic conditions and examined after 24 and 48 hours. Plates
with no visible colonies were deemed negative for mastitis-associated pathogens.
Plates containing three or more colony types were deemed contaminated and
discarded, in accordance with NMC guidelines. Remaining colonies were putatively
identified based on colony morphology, haemolysis, Gram stain, catalase test and
growth on MacConkey lactose indicator, Baird-Parker and Mannitol Salt Agar plates.
Putative Staphylococcus aureus was distinguished from coagulase negative
staphylococci (CNS) by the above tests in addition to the coagulase test. Putative
Streptococcus uberis was identified by its ability to hydrolyse aesculin while
remaining streptococci were identified using the API 20 Strep strips (BioMerieux).
Escherichia coli were distinguished from other coliforms using the API 20E strips
(BioMerieux). At the end of the study period contaminated milk samples were
discarded and the remaining 615 frozen milk samples shipped to a separate lab for
real-time PCR analysis. From the 615 available milk samples 141 were randomly
selected for real-time PCR analysis.
Real-time PCR Assay
A commercial real-time PCR kit was used to identify mastitis pathogens in milk
samples from cows displaying signs of clinical mastitis (PathoProof™ Mastitis PCR
assay, Finnzymes). This kit can identify 11 mastitis-causing species or species groups,
namely S. aureus, coagulase negative Staphylococcus species, S. uberis, S.
dysgalactiae, S. agalactiae, Enterococcus spp, E. coli, Serratia marcescens,
Klebsiella spp, Corynebacterium bovis, Trueperella pyogenes and Peptoniphilus
indolicus. In addition the test detects the Staphylococcal β–lactamase gene (blaZ),
responsible for penicillin resistance. Bacterial genomic DNA was extracted from 350
µl of thawed milk by first lysing the cells, followed by DNA purification through a
Qiagen spin-column according to the manufacturer’s instructions with 5% of the final
volume used as template genomic DNA. Four separate multiplex real-time PCR
reactions were set up for each genomic DNA sample according to manufacturer’s
instructions. Each multiplex reaction consisted of an Internal Amplification Control
(IAC) and three target reactions. Samples were set up in 96 well plates with each
plate containing an extraction negative sample and a no template control sample.
PCR plates were run on an ABI 7500 Fast Real-Time PCR system (Applied
Biosystems). The PCR involved an initial denaturation step of 10 min at 95 °C,
followed by 40 cycles of denaturation at 95 °C for 5 sec followed by
annealing/extension at 60 °C for 1 minute. Samples were finally cooled to 25 °C for 5
sec. Results were analysed with Norden Lab Mastitis Studio software. Milk samples
were considered as positive or negative based on their threshold cycle (Ct) value and
visual checking of the amplification plots. The Ct is defined as the minimum number
of PCR cycles required to reach a pre-determined fluorescence threshold value, with a
lower Ct indicating a greater quantity of DNA in the sample. Where >1 species was
detected by RT-PCR the species with the lowest Ct (highest abundance) was
considered the predominant species.
Penicillin resistance
Penicillin and oxacillin susceptibility tests were performed for all Staphylococcus
aureus and coagulase negative Staphylococcus (CNS) isolates by the disk diffusion
method in accordance with Clinical and Laboratory Standards Institute (CLSI)
guidelines (CLSI 2008). Penicillin (6 µg/10 IU) and oxacillin (1 µg) were tested. The
S. aureus American Type Tissue Collection (ATCC) 25923 (penicillin susceptible)
and E. coli ATCC 25922 (penicillin resistant) strains were used as negative and
positive controls respectively and isolates were classified as resistant or susceptible
based on comparison of the measured zone diameter with the zone diameter
interpretive standards for Staphylococcal veterinary pathogens ((CLSI) 2008).
16S rDNA sequencing
DNA was extracted from three Streptococcal isolates that were identified as putative
S. uberis based on aesculin hydrolysis but identified by the PathoProof assay as S.
dysgalactiae using the PurEluteTM Bacterial Genomic Kit (Edge Biosystems) as
described in the manufacturer’s protocol. The hypervariable region of the 5' end of
the bacterial 16S rDNA gene was amplified from genomic DNA using the primers
16SFa: 5' GCTCAGATTGAACGCTGG 3' and 16SR: 5' TACTGCTGCCTCCCGTA
3' as described previously (Harris and Hartley 2003). PCR products were purified
with the QIAamp PCR purification kit (Qiagen) and sent to Source BioScience
(Dublin) for Sanger sequencing. Sequence chromatograms were checked for quality
using BioEdit V7.0.0 and bacterial DNA species identified by comparison of the 16S
rDNA sequence with the GenBank database (http://www.ncbi.nlm.nih.gov) using
BLAST (Altschul and others 1990). If species-specific sequences in the database
matched the query sequence with 100% identity then the query sequence was
determined to come from that species (Harris and Hartley 2003).
Results
A total of 141 milk samples from cows with clinical mastitis were randomly
selected for PCR testing. The 141 randomly selected samples were representative of
the larger dataset of 615 samples as no pathogen was significantly under or over-
represented on bacterial culture. However, there was a higher proportion of culture
negative samples in the larger dataset. Of the 141 samples, conventional bacterial
culture identified a single udder pathogen in 94 samples (67%), a mixture of 2 udder
pathogens in 4 samples (3%) while no viable pathogens were cultured from the
remaining 43 samples (30%). PCR testing detected a single udder pathogen in 89
samples (63%), 2 udder pathogens in 38 samples (27%), three udder pathogens in 3
samples (2%) while no pathogens were detected in 11 (8%) of samples. Therefore,
significantly more samples were positive for at least one mastitis pathogen when
tested by PCR than by bacterial culture (P < 0.0001; Chi-square test).
Single isolate samples
A single udder pathogen was isolated by bacterial culture and identified using
standard biochemical tests from 94 milk samples. The occurrence of the different
bacterial pathogen species (Table 1) reflects their frequency in the population from
which the samples were derived (Keane and others 2013). The pathogen identified
by traditional culture methods was also detected by PCR in 92/94 (98%) of cases
(Table 1). However, in 3 of these cases the pathogen was not detected as the
predominant pathogen in the sample but was detected as an additional pathogen. For
the remaining 2 samples no udder pathogens were detected by PCR despite being
culture positive. PCR testing also indicated that a substantial proportion (23/94; 24%)
of the milk samples contained DNA from an additional bacterial species that was not
detected by conventional culture. Three udder pathogens were detected by PCR in
2/94 (2%) of the samples. Milk samples positive for E. coli by BC were significantly
more likely to indicate the presence of an additional pathogen by PCR compared to
samples positive for the other pathogens (P < 0.001; Chi-square test). The results of
the bacterial culture and PCR testing are shown in Table 1 and the additional
pathogens detected by PCR but not by culture are summarised in Table 2.
Three samples, originally identified as putative S. uberis based on aesculin
hydrolysis, were identified as S. dysgalactiae by PCR testing. In order to definitively
identify the isolates, genomic DNA was extracted from the 3 isolates and the
hypervariable 5' end of the 16S rDNA gene amplified and sequenced (Harris and
Hartley 2003). The amplified 16S rDNA sequence matched S. dysgalactiae 16S
rDNA sequences deposited in GenBank with 100% sequence identity, unambiguously
identifying these isolates as S. dysgalactiae.
Double isolate samples
Two udder pathogens were isolated by bacterial culture from four milk
samples (2 positive for S. dysgalactiae/CNS and 2 positive for S. uberis/CNS). For
2/4 of these samples there was complete agreement between the results of bacterial
culture and PCR testing (1 S. dysgalactiae/CNS and 1 S. uberis/CNS). For the
remaining two samples, only the Streptococcus species were detected by PCR.
Antimicrobial susceptibility
In total 42 isolates (36 S. aureus and 6 CNS) were tested for penicillin
resistance or susceptibility by disk diffusion testing. A total of 17 isolates (40%) were
found to express penicillin resistance in vitro with the remaining 25 isolates (60%)
penicillin sensitive. For 39/42 isolates (93%) the phenotypic characteristic of the
isolate was in agreement with the presence or absence of the Staphylococcal β–
lactamase gene. However, for 3 isolates the genotypic and phenotypic tests did not
agree. Two samples displayed positive PCR reactions for the blaZ gene, however,
these isolates did not display penicillin resistance. The blaZ gene was not amplified
from a further sample despite the isolate being penicillin resistant by disk diffusion
testing. This isolate was further tested by the disk diffusion method and found to be
resistant to ampicillin but susceptible to oxacillin.
Culture negative samples
Of the 141 samples cultured, no viable pathogens were identified in 43
samples (30%). Of these culture-negative samples, 34 were positive by PCR for
mastitis pathogens with no mastitis pathogens detected in the remaining 9 samples.
Of the 34 PCR positive samples, a single mastitis pathogen was detected in 20
samples, two pathogens were detected in 13 samples while three pathogens were
detected in a single sample. The most common pathogen detected in the culture
negative samples was S. uberis which was detected in 16 samples (47%) and was the
predominant pathogen in 14 samples (41%). S. aureus, which was the most common
pathogen in culture positive samples (40%), was found in only 5 (15%) BC-negative
PCR-positive samples and was the predominant mastitis pathogen in just three
samples (9%). Culture-positive milk samples were therefore significantly more likely
to indicate the presence of S. aureus than culture-negative PCR-positive samples (P <
0.001; Chi-square test). The pathogens detected by PCR in culture negative samples
are shown in Table 3 and the pathogen profile in BC positive and BC negative/PCR
positive samples is displayed in Figure 1. With the exception of S. aureus, no
pathogen was detected significantly more or less often in culture positive compared to
culture negative PCR positive samples.
Discussion
An udder pathogen was detected in 70% of quarter milk samples from cows
with clinical mastitis by conventional bacterial culture. In contrast, 92% of samples
were positive for udder pathogen DNA by PCR. Hence 30% and 8% of the milk
samples provided culture and PCR negative results respectively. In total 79% of
culture-negative milk samples gave positive results by real-time PCR analysis. The
frequency of mastitis pathogen detection was significantly higher with PCR compared
with bacterial culture. It must be noted, however, that the sample volume for the PCR
test is equivalent to 1.75 x that of bacterial culture and this may account for increased
pathogen detection in some of these samples. Many studies report a large proportion
of culture-negative milk samples from cows with clinical or sub-clinical mastitis with
values typically ranging from 27-50% (Barrett and others 2005; Bradley and others
2007; Makovec and Ruegg 2003; Petrovski and others 2011). In our study 30% of
samples were negative by bacterial culture. The use of PCR technology may assist in
detection of intramammary bacteria, although its usefulness in improving mastitis
diagnosis and informing treatment decisions in such cases remains to be further
evaluated.
A number of studies from other countries have evaluated the PathoProof assay
using a variety of sample types. A study from Finland which tested 79 culture
negative mastitic milk samples found 43% yielded positive results for bacterial DNA
by PCR (Taponen and others 2009). This is in contrast to our study in which 79% of
culture negative mastitic milk samples gave positive PCR results. In Finland the most
commonly detected species in culture negative PCR positive samples were S. uberis,
CNS and C. bovis. A second study consisting of samples from Finland and the
Netherlands from 780 cows with clinical mastitis, found 76% of culture negative
clinical mastitis milk samples were positive by PCR (Koskinen and others 2010).
This figure is in close agreement with our study. Koskinen et al also found CNS, C.
bovis, S. uberis and S. dysgalactiae were the species most commonly identified in
culture negative PCR positive samples. We also commonly found S. uberis and S.
dysgalactiae in culture negative PCR positive milk. Two other studies from Portugal
and Germany found 47% and 57% of culture negative samples gave PCR positive
results respectively. The predominant species detected were CNS and C. bovis in
both studies with E. coli in Portugal and S. aureus in Germany also commonly
detected (Bexiga and others 2011; Spittel and Hoedemaker 2012). Neither study,
however, included clinical mastitis samples and consisted of samples with varying
SCC. Such variation between studies in detection and identification of mastitis
pathogens demonstrates the complexity in interpreting PCR positive results.
The samples used in this study were frozen prior to bacterial culture and PCR
analysis. It has previously been demonstrated that short-term freezing of milk (~24 h)
increases the proportion of culture negative samples (Bexiga and others 2011)
although freezing for up to 6 weeks was reported to have no effect on the viability of
the major mastitis pathogens (Murdough and others 1996). It has also been reported
that freezing for 4 weeks had no effect on S. aureus, streptococci and T. pyogenes
isolation rates although it did increase the number of CNS positive samples and
decrease the number of E. coli positive samples (Schukken and others 1989). Our
milk samples were collected and cultured monthly and the possibility that freezing
had an effect on the relative frequency of some of the isolated mastitis pathogen
species cannot be excluded.
Multiple pathogens in milk samples from cows with clinical mastitis were
detected more frequently with PCR than bacterial culture. PCR has previously been
reported to detect multiple pathogens more commonly than conventional culture
(Bexiga and others 2011; Spittel and Hoedemaker 2012). In our study, a mixture of 2
bacterial species was detected in 3% of milk samples by bacterial culture. However, a
mixed infection was detected in 29% of samples with PCR. A sample from which 3
or more bacterial species are cultured is considered contaminated (NMC 1999). Three
milk samples indicated the presence of three mastitis pathogens by PCR and so could
be considered contaminated on the basis of PCR analysis alone, although the validity
of applying culture-based standards to molecular based methods of mastitis pathogen
detection remains questionable. The most common additional pathogens found were
S. dysgalactiae and S. uberis. Although both species are environmental pathogens
they may not be contaminants in this instance as other environmental species such as
E. coli, CNS and Enterococcus spp were not commonly identified as additional
pathogens.
Milk samples positive for E. coli by BC were significantly more likely to
indicate the presence of an additional pathogen by PCR. E. coli can be a common
contaminant of milk samples (DAFM 2010), therefore the detection of an additional
major mastitis pathogen by PCR in these samples may be clinically significant.
Staphylococcus aureus was recovered from two samples which were PCR negative
and species identification was confirmed genotypically. These samples showed a low
level of PCR amplification of many targets but did not reach the threshold value for
any target species. The internal amplification control was positive for both samples
indicating that the PCR reaction did not fail. There are a number of possible reasons
for BC positive PCR negative results, for example these samples may have had
bacterial numbers below the limit of detection of PCR but cultured an organism by
chance, there may have been polymorphisms in the PCR target region resulting in
amplification failure or the culture plate may have been contaminated. Further work
would be required to elucidate the reason for these BC positive PCR negative
samples.
In this study 40% of mastitis-associated Staphylococcal isolates displayed
penicillin resistance. The percentage of penicillin resistant isolates is in good
agreement with the percentage of resistant isolates reported in the Irish All-island
Animal Disease Surveillance Report (DAFM 2010). The PCR test utilised in this
study detects the presence of the Staphylococcal blaZ gene and expression of BlaZ
has been demonstrated to confer penicillin resistance (Rowland and Dyke 1990). The
results of the antimicrobial susceptibility and PCR tests agreed for the vast majority of
isolates (93%). However, a number of discrepancies were observed. The blaZ gene
was amplified from two isolates that did not display penicillin resistance. It has
previously been reported that 10% of penicillin susceptible S. aureus isolates possess
the blaZ gene (El Feghaly and others 2012). The blaZ gene could not be amplified
from a further isolate despite the fact that this isolate displayed penicillin resistance.
The mecA gene, which confers meticillin/oxacillin resistance, also confers penicillin
resistance. In order to determine if this isolate was potentially penicillin resistant due
to carriage of mecA it was tested for phenotypic oxacillin resistance. Phenotypic
testing was used due to the presence of mecA homologues which can also encode
meticillin resistance (Garcia-Alvarez and others 2011). The isolate was oxacillin
sensitive indicating that the observed penicillin resistance is unlikely to be due to the
presence of mecA or mecA homologues.
For culture-positive samples this study shows a very high concordance
between results of bacterial culture and PCR indicating the potential of PCR testing to
provide rapid, clinically relevant information, at least for this subset of samples. No
pathogen was detected in 30% of samples by BC, however, PCR detected a mastitis
pathogen in 79% of these samples. An evaluation of the clinical relevance of PCR
testing in the case of culture negative samples is problematic as the current gold-
standard is bacterial culture. However, this gold-standard has limitations, which will
penalise the PCR test should it correctly identify an infecting pathogen when bacterial
culture does not. A minimum of 24-48 hours are required for pathogen detection and
identification with culture-based methods. With PCR, results may be available within
4-6 hours. Therefore identification of bacterial species by PCR could provide rapid
information to the farmer on the bacterial challenges encountered on that farm.
However, the detection of pathogen nucleic acid in milk samples does not indicate the
presence of viable pathogens, required to cause disease and so the full clinical
significance of PCR based testing in the absence of confirmatory bacterial culture
requires further study.
A number of studies have examined the milk microbiome using metagenomic
methods (Bhatt and others 2012; Kuehn and others 2013; Oikonomou and others
2012). DNA from a large array of bacterial species was detected in samples from
both mastitic and healthy quarters, although differences were observed between the
microbiome of healthy and mastitic milk (Kuehn and others 2013; Oikonomou and
others 2012). In one study, Staphylococci and Streptococci DNA was found in almost
all culture negative samples, including those from healthy quarters (SCC < 10,000)
(Oikonomou and others 2012), indicating the potential of culture-independent
methods to generate false positive results. The quantity of starting material used for
metagenomic methods exceeds that required for conventional culture, which may lead
to a higher proportion of pathogen positive samples. In our study, bacteria were
detected in higher abundance (lower Ct) in BC positive samples than in BC negative
samples warranting further studies on the role of bacterial quantification in
determining clinical significance of culture-independent methods. Molecular
pathogen identification could also be combined with disease indicators such as
clinical symptoms or somatic cell count to inform PCR result interpretation.
In our study, the distribution of mastitis pathogens detected by PCR in BC
negative samples was not significantly different from that of mastitis pathogens in BC
positive samples with the exception of S. aureus which was identified significantly
less often in BC negative samples. This was an interesting finding, as traditionally
practitioners have often interpreted BC negative samples from cows with clinical
mastitis symptoms, or an elevated SCC as a probable indicator of S. aureus infection,
not detected with culture due to intermittent bacterial shedding. Our results do not
support this theory, however, further work is required to confirm this finding due to
the low number of culture negative samples in this study.
Molecular methods of mastitis pathogen diagnosis offer a number of
advantages: i) they allow more rapid detection of mastitis-causing pathogens than
traditional bacterial culture methods ii) they are more amenable to high-throughput
analysis and automation than bacterial culture methods and iii) they have the potential
to diagnose the cause of intramammary infection when no viable pathogens can be
cultured. However, the gold standard for mastitis diagnosis remains bacterial culture
as the clinical relevance of detecting bacterial nucleic acid in the absence of viable
pathogens remains controversial, The PathoProof™ Mastitis PCR assay targets all
the major pathogens associated with clinical mastitis in Irish milk-recording herds in a
recent study (Keane and others 2013) although the cost of the test exceeds that of
bacterial culture. In this study we found good general agreement between the positive
results of BC and PCR. The use of PCR resulted in an increased number of samples
positive for one or multiple pathogens and therefore under present criteria has the
potential to result in more samples being discarded due to contamination. The overall
number of positive pathogen detections was increased with the use of PCR, however,
there is currently no method to reliably distinguish which of these PCR positive
results are clinically relevant.
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Figure 1. Distribution of mastitis pathogens in BC-positive and BC-negative/PCR
positive samples.
Table 1. Identification of udder pathogens by bacterial culture (BC) and PCR in
samples from which a single isolate was recovered by BC.
Pathogen
detected by BC
No. of
BC
positive
samples
(%)
No. of PCR
positive
samples
(%)†
No. of PCR
positive
samples‡
No. of
PCR
negative
samples
No. of samples
positive for
additional
species
S. aureus 36 (38) 33 (37) 1 2 4
S. uberis 22 (23) 22 (25) 0 - 5
E. coli 16 (17) 16 (18) 0 - 11
S. dysgalactiae 10 (11) 9 (10) 1 - 1
CNS 6 (6) 5 (6) 1 - 3
T. pyogenes 4 (4) 4 (4) 0 - 1
Total 94 89 3 2 25
† Species was the predominant pathogen
‡ Species was detected but was not the predominant pathogen
Table 2. Additional species detected in samples with >1 mastitis pathogen by PCR
Additional species detected by PCR
Pathogen
detected by
BC
S.
aureus
S.
uberis
E. coli S.
dysgalactiae
CNS T. pyogenes Other
S. aureus - 0 0 3 0 0 1
S. uberis 0 - 0 1 1 2 1
E. coli 1 7 - 3 2 0 0
S.
dysgalactiae
0 0 0 - 0 1 0
CNS 0 2 0 1 - 0 0
T. pyogenes 1 0 0 0 0 - 0
Table 3. Predominant and additional pathogens detected by PCR in bacterial culture
negative samples
Pathogen Predominant pathogen Additional pathogen
S. aureus 3 2
S. uberis 14 2
E. coli 7 3
S. dysgalactiae 6 3
CNS 2 3
T. pyogenes 1 0
Other 1 2
Total 34 15
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